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I - SUMMARy 


The scope of this piogrcan was to ej^^rimentally dewlcp 
technitjues to reinforce or strengthen electrofonred nickel to allow a 
fuller utilization of electioforitiing as a reliable and low cost fabri- 
cation technique for regenerately cooled trust diantoers. Tec±iniqves 
for wire wrapping vdiile electrodepositing were developed that can 
result in a structurally strong wall with less weight than a ocnven- 
tional electrofomed wall. Also a technique of oodepositing s\ibmicron 
sized Th 02 particles with the nickel to form a dispersicn strengthened 
structure was evaluated. 

The standard nickel cylinders erfiibited an average hocp 
strength of 80,000 psi with a yield strength of 65,000 psi and a modulus 
of 25.6 X 10^ psi. The as produced dispersion strengthened nickel 
shewed a hoop strength of 97,000 psi with a yield strength of 67,000 psi. 
This is an increase of 17,000 psi or 21% over the standard nickel hocp 
strength. The wire wrapped cylinders shewed an increase in strength 
over the standard nickel test sanples of 26,000 to 66,800 psi which is in 
the range of 26 to 104% increase in strength over the base standard nickel. 
These latter test results are indicative of a VDlurte percent wire rein- 
foroenent from 15 to 31. The neasured hoop strengths agree with calculated 
oenposite strengths based rule of mixtures. 
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II 


INTRODUCTION 


A. b?o:grdund 

Various methods have been investigated in recent years to improve 
the fabrication of regoieratively cooled thrust chaitbers. One metiiod 
that has been ijsed successfully is electroforming. Hirust chantjers have 
been built oorrpletely of electroformed nidcel, including the inner wall, 
the coolant passage ribs, and the outer jacket. Other chaitbers have used 
electrofoiming for the outer jacket. 

Although electroforming has been etplcyed successfully, seme 
problems have been encountered in its use. Seme of these problems are 
non-uniform properties, non-reproducible properties, layer separation, 
nodule formation, and vineven buiM-\:p rates. These problems are, for 
the most part, solvable by better process control. Other shortcomings 
of the electrodepositicn process are the relatively slew fabrication rates 
and the lew strength of pure metals, such as nickel or ooEper, that m^ be 
easily electrodeposited. 

To fully utilize electroforming as a reliable and lc3w cost fabri- 
cation technique for thrust chanbers, inproveraents over present capabilities 
must be obtained, ffethods need to be developed to increase the strength of 
the deposited material. For example, techniques for wire wrapping la hiia 
electrodepositing oould be developed that would result in a strong wall of 
less weight than a oonventicnal electroformed wall. Another reinforcing 
technique is the oodeposition of siimicrcn sized particles for dispersion 
strengthening. Ihe major advantage of the wire reinforced electroform 
would be to provide yield strength properties ocnpar^le to the hi^ nickel 

alloys without the oorresponding fabrication difficulties of these alloys. 
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Similarly, one of the main advantages of electrofomed dispersion 
strengthened nickel would be its inproved elevated tertperature strength, 
and resistance to recarystallizaticn and creep at hi^ tenperatures . Uie 
use of reinf arced material would not only produce lifter wei^t structures 
but mi^t be ejpected also to reduce fabrication times ccmpared to that 
of ocnventic^ial electrodeposition* 

B. OBJECTIVE 

The objective of this program was to advance and Inprove the 
electroforming process by developing techniques to reinforoe or straigthen 
the deposited material. The objective was acccatplished by researching and 
evaluating methods to produce both dispersion-strengthened and wire-reinforced 
nickel cylindrical structures. 

C. SCOPE OF WORK 

The initial task was to veri^ the physical properties of an 
electroformed nickel frcwn a specific bath formulation with target prcperties 
of 100,000 pei tensile strength and 10% elcngation. Four nickel cylinders 
were then electrofoimed and burst tested in a l^draulic test assenbly* 

Uie strength of the nickel electrofonn as determined by the pressure test 
and specimen tensile tests was used as a standard to ocrtpare against the 
results obtained with the strengthening techniques developed in Tasks II and 
III. 

The cbjective of the secxsnd task was to inprove the properties of 
the elec±ro-deposited nickel throu^ the tise of oo-deposited dispersion 
strengthening p>articd.es such as alunina and thoria. The preliminary work 
perfect the process was done on a laboratory scale with small sample 


3 . 



specimens. After the process was optimized with respect to tensile strength 
prqperties, four dispersion strengthened nickel cylinders were electrofonted 
and burst tested to determine the inprovement in straigih properties that 
have been achieved as a result of the use of dispersion strengthening. 

The third task was aimed at developing a method to fcd:>ricate 
a reinforced structTore that is a combination of electroformed nidcel and 
a high strength wire reinforcement. The wire reinforcement was a hi^ 
strength stainless steel wire with an ultimate strength of 300,000 psi and 
a cross section designed to produce a uniform growth pattern which mini- 
mizes voids. When an optimmi procedure was developed to produce the wire 
reinforced nickel electroform/ nine cylinders were fabricated and burst 
tested to determine the changes in strength properties that have been 
achieved as a result of wire wrapping in cxjnjunction with electro-deposition. 

The burst strength or hoop tensile strength of the fabricated 
cy l i n d er s weis neasured by tydraulically presstxcizing the inside wall of 
the cylinders vhile constraining the ends of the cylinder to Insure a 
longitudinal failure in the cylinder wall. The hydraulic pressure at fail- 
ure was recorded and the hoop tensile strength of the cylinder was calculated. 
The tensile properties of the electroformed nickel were determined by 
rtpturing a machined tensile ^^ecimen in a Tiniiis Olsen besting machine. 
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Ill - EXPERIMENTAL PROCEDURE 

A. STANDARD NICKEL ELECTROPOIMriC 

The initial task was to achieT^ physical properties of an 
electrofoimed nickel material from a specific bath formulation with target 
properties of 100,000 psi tensile strer^tii and 10% elongation. The veri- 
fication of physical properties frcm a sulfaraate - chloride bath was per- 
formed using flat plate tensile specimens machined from electroformed 
nickel sheet. 

1. Standard Sulfaroate Nickel Bath 

A Barrett sulfaraate nidcel plating formulaticn was prepared in 
a fifty-five gallon tank for the initial phase of this contract. The 
average operating conditions for the process are as follows; 


Teitperature C’C) 50-55 

pH 4.0 

Density (®Be) 30 

Current Density (asf) 50-60 


The composition of the bath as received was analyzed to be the following; 
Nickel Sulfaraate 60 oz/gal 

Nickel Metal 10.2 oz/gal 

Boric Acid 3.0 oz/gal 

Chloride 0.5 oz/gal 

Anti-Pit Agent 0.05 oz/gal. 
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The initial foimdatixan of tlie plating bath was analyzed and fomd 
to be low in boric add content. Since the boric add is difficult to 
dissolve, the required quantity was added over a period of two wedcs, while 
the bath was dumy plated^ Seven of the first ten plates from the bath 
vrere badly pitted due to the low boric add. Most of these plates could 
not be tested because the tensile specimens were notched due to the pits. 
After the bath was worked for ^Jproximately 49CO anp-hours and the boric 
add was adjusted to 5.75 oz/gal at 52*C, the physical properties of the 
bath were neasured to be dose to the target properties of 100,000 psi 
at 10% elongation. The electrofarming tank is a 24 x 24 x 24 inch 
polypropylene plating tank equipped with stirrer agitation and a quartz 
iirrersion heater with thermostatic control. The anodes are rolled depol- 
arized nickel bar housed in ejq>anded mesh titanium anode baskets. The 
baskets are double bagged with dynel anode bags. The filtration is con- 
tinuous throu^ a Serfiloo punp and filter unit. The plating power supply 
is a silicon control rectifier with ripple filter. An artp-hour rteter is 
used to record the total cathode current used in the electrofonning 
operation. Cathode current and voltage are displayed cai calibrated meters. 

Several processing variables that are critical to the success of 
producing uniform nickel deposits were monitored closely during the course 
of the stu<^ for the sxolfamate-chloride baths used for cylinder fd^rioation. 

a. Bath Sanplinq 

The sairple was taken ly inserting a glass pipet about 0.5 inch in 
diameter into the solution with the tcp end uncovered. The solution will 
fill the tube as it is passed through the bath. When the tube reaches a 


6 . 



csertain deptii tiie top is closed aid the pipet VTithdrawn. Ihe solution is 
transferred quickly to a sanple oontainer which is clean and dry and care- 
fully identified as to tank miriber, date, and bath description. The 
satipling operation is repeated at different tank locations until suffic- 
ient sartple has been obtained for all analyses and tests planned. Samples 
normally were taken vAien the solution level corresponded to the operating 
level of the bath. 

b. Bath Analyses 

Control of the plating bath during processing consisted of 
periodic chemical analysis to determine levels of an anion and cation 
concentration. Standard analytical procedures were utilized to asoertain 
vhether or not the nickel, chloride, and boric acid oonoentrations were 
within specified limits. These control oonoentraticais were maintained 
within the limits outlined earlier in this section. Analysis of each 
bath were conducted frcm sarcples taken the standardized sampling tedi- 
nique described earlier. Sarrples were takai for analysis at the initial 
bath formulation and after rou^ly 5000 anpere hours of operation. Any 
time addi tions were made to the bath for corrective purposes a subsequent 
sanple was taken for analysis to verify that all constituents have 
returned to wiihin limits of the specifications . 

c. gj 

The hydrogen ion oonoentration is very inportant to the proper 
functioning of the bath. The control of the pH of plating solution is 
necessary to maintain the oipirically determined acidity or alkalinity 
vhich has been shewn to produce the best results. Appearanoe, stress, 
and leveling, fox exanple may be affected adversely by operation of the 
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batii outside the c^tirnum pH range. High accuracy, however, is not 
usually necessary; measurements with a precision of ± 0.2 pH units are 
nomally adequate. 

The bath pH was measured with a Fisher Accumst pH Meter Model 
210. This unit will provide an accurate, stable reading within 2 seconds 
and is reproducible to ± 0.02 The allcwable limits of variation for 
pH of the bath for meeting the specific objectives was determined to 
be for the sulfamate chloride bath a jH of 4.0 ± 0.2. 

Measurement of pH was made on sanples taken ffcm the bath by the 
saitpling technique described earlier. Measurements were made each morning 
and evening. 

d. Stress of Nickel Deposits 

Most electrodeposits of any metal are deposited in a state of 
stress usually tensile. 

The need to avoid stress, vhich is relative with electroplating, 
is of great importance with electroforming. Precisicn electroforming needs 
plating at low stress, i.e,, at conditions under vhich a spiral oontracto- 
meter (passing current at the current density to be used) will not show a 
deflection to right or left in a period of at least twenty minutes. Quan- 
titative calibration is not needed, but "low'' means less than 1000 Ib/in . 
The bath used in this program has tensile stresses on the order of 1000 to 
10,000 psi. The bath can, however, be operated at zero or in the oonpres- 
sive stress state. 
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A spiral contrac±cneter was used to measure stress . This devioe 


is based on the change of radius of airvature of a helix as the helix is 
plated. The stress in the deposit causes the helix to wind more tightly 
or to unwind, depending on vhetiier the deposit stress is oorapressive or 
tensile. The change in radius of curvature is actually measured hy the 
angular displaoeroent of one end of the helix vhile the other end is hel d 
rigid. By means of gears the angular displacanait is magnified and read 
on a dial as plating progresses. 

e. Specific Gravity 

A sijtple tank test of plating soluticais was used for determina- 
tion of the specific gravity. A hydrometer reading can indicate vhether 
a solution is within concentration limits, vhether stratification or inocitt- 
plete inixing exist and vhether decxaotposition products are building tjp. 

Because this test is easily and rapidly performed it was oondxicted on a twice 
daily basis during continuous bath usage. Significant variations in speci- 
fic gravity were \ased as an indicator that more definitive bath analysis methods 
should be run inmediate3y. Variation limits for specific gravity were 
determined to be as follows for a normal bath level: 

Sulfamate Chloride Bath, 1.2 ± 0.1 


f. Tenperature 

Taiperature was daily monitored throu^ cdl plating activities. 
Use was made of a thermometer inserted directly into the bath. The 
allowable limits of tattperature variation for the aalfttRatsfe ihloride 
bath was 50 ± 2®C. 
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g, Bath Prcperties 

Es^rimental woik was cxsnducted cai producing flat platse test 
oo\jpons from the production sulfaraate-chloride bath for verification of the 
target properties of the electroform nickel. During the first 4800 aitp-hours 
of c^ration with the bath, the prcperties of the nickel were a tensile 
strength of 100,000 psi or greater but an elongation of less than 10%. Dur- 
ing the next 15,000 anp-hours of operation, the properties of the nickel 
electrofonred from the bath changed to an elongation greater than 10% but 
a tensile strength less than 100,000 psi. In order to increase the tensile 
strength of the nickel , snail additions of chloride ion were added to the 
bath to bring the level of chloride to 1.1 oz/gal. 

Ttest samples of nickel from this bath condition showed that the 
target properties of 100,000 psi \xLtijtate tensile strength and greater than 10% 
elongation were achieved. The data chtained for sanple 243-21 tested by GTC 
and NfiSA-LEWIS is as follows: 

GIC TEST RESUiaS FOR SAMPLE 243-21 


Test No. 

Tensile 
Strength 
(10' psi) 

Yield 
Strength 
(10' psi) 

Elongation 
Gage-1 in. 
(%) 

Elongation 
Gage-2 in. 
(%) 

1 

99.7 


*- 

10.6 

2 

97.9 



11.3 

3 

96.8 



11.1 

4 

101 



10.4 

Average 

98.9 

- 

- 

10.9 

*Not Tested 
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NfiSA-IBMIS TEST RESULTS FOR SM^PLE 243-21 


Test No. 
1 

Tensile 
Strength 
(103 psi) 

101 

Yield 

Strength 

(103 pei) 
69.5 

Elongation 
Gage-1 in. 

(%) 

17 

Elongation 
Gage-2 in. 

(%) 

2 

100 

69.6 

16 

- 

3 

101.2 

66.9 

16 

- 

Average 

100.7 

68.7 

16.3 

- 

**4 

51.2 

6.45 

47 



••Annealed at 1500“f 

Sample No. 243-23 was a pieliminary electcofonied nicilcel test 
cy linde r vdiicii was used to test out the mechanical and electrical operations 
moessary to electroform the desired thickness of nickel on a rCTovable 
cylindrical mandrel. The cylinder was electroformed to a total thickness 
of 0.090 inches, but was severely pitted on the lower one-third portion 
as well as over the sitire surface of the test ooii^x^ mandrel. 

TWO nickel cylinders and supporting test sanples were siiieeguently 
electrofcmned. The elec±roformed cylinders were not testable due to a large nvsifaer 
of pits on the surface of the cylinder. The source of the pitting was found to 
be insufficient mechanical agitation and was corrected. However, before any 
additlcnal test cylinders could be fabricated, a recirculating pinp failure 
caused the loss of this entire bath. A new standard sulfamate-chloride bath 
was immediately formiilated and put into operation. Additional flat plate test 
specdmens were produced from this bath, vhich was designated P-SNC3>-2, for 
'N^rification of the target prc^serties of the electrofozmed nickel. T^t 
^ecdmens nunber 243-34P and 243-39P showed properties vhich the 
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target properties of the standard nickel. On the basis of the flat plate 
tensile specimens noted above, standard nidcel cylinder f^rlcation was 
again begun. 

2. Standard Nickel cylinder F^rication 

A standard electrofom nickel cylinder designated 243-42P was 
electroformed for 74 hours at a current density of 40 ASF in the P-SNCL-2 
bath. The fabricated cylinder was of testable quality with no pitting 
on the surface. Unfortunately, the tensile test coupons vhicii were 
attached to the cylinder shcxtred the electroform nickel properties to be 
Icwer than the target properties. Additional cylinder fabrication was 
planned as soon as the cause of the low strength deposits on the test 
ooapon mandrel was determined. 

A set of double test plates, with the same surface area as the 
cylinder mandrel plus the test ootpcn mandrel, were submerged full depth 
in the bath. Based on the results of these test plates, a larger c^>acity 
filtering system capable of punping 760 gallons per hoirr was installed on 
the 55 gallon production bath. Also, the anode baskets were lengthened 
from 18 inches to 24 inches to provide full depth anode exposure. As a 
result of these changes, the variability in mechanical properties of the 
electroformed nickel thrcu^out the bath was reduced to within eiperinental 
eooror of the test measurements. 

During the fifth and sixth months of the contract, the four 
standard nickel electroform cylinders were produced. The experinental 
fdarication conditions are given in Table I. All four of these 

cylinders were to be burst tested, two in the as-produced condition and 
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two in a heat tieated condition. Bie heat treatment ccaisisted of 
heating in an inert atmosphere to a tenperature of 1500“F (815 “c) , then 
holding at tenperature for 1 hour and air oooling. 

T ARTK I. 

Standard Nickel cylinders Produced from Sulfamate-Chloride Bath 


cylinder 

No. 

Sample 

No. 

Current 

Densi'^ 

(asf) 

pH 

Bath 
Tenp. 
( *C) 

Plating 

Time 

(Hrs.) 

Plated Hoop Tensile 
Wall Hiick Strength 
ness (Mils) Ksi 

7 

243-88P2M 

20 

4.2 

49 

91 

71 

84.1 

8 

243-93P2M 

20 

4.0 

49 

87 

90 

75.7 

10 

Heat 

Treated* 

243-10OP2M 

20 

4.1 

49 

75 

71 

63.5 

12 

243-139P2M 

20 

4.1 

49 

62 

56 

44.8 


Heat 

Treated* 


it 

Ifeat treated at 1500®F (815°C) for 1 hour and slow cooled. 

Ihe strength of the electroform cylinders as determined by the hydraulic 
pressure test and specimen tensile tests will be used as a standard to 
oonpare against the results obtained with the strengtheninj techniques 
developed in Tasks II and III sunmarized in Section E. 
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3. Electrofom Mandrel Design 


Withdrawal of a precision mandrel surface from within an electro- 
formed nickel cylinder of 4-inch ID and 8-inch length without damage to 
the mandrel or cylinder requires a mandrel design of seme coll^jsible type. 
A standard collapsible mandrel of metal, made in sections, is not desirable 
since it does not provide a smooth, unintempted surface for electroform- 
ing. Ihe sort of design that has been found successful and convenient for 
electrofomiing cylindrical sections is a stainless steel mandrel core 
covered by a layer of lew tenperature melting alloy, vpon vhose surface is 
electro-formed the cylinder. Collapsing of the mandrel is acoonplished hy 
heating to the melting point, 281°F, and allowing the molten cilloy to run 
out. The steel core can then be siitply withdrawn and the cylinder is left 
freestanding. 

4. Mandrel Casting 

Ihe catpleted collapsible electrofoim mandrel together witii the 
casting mold and heaters is ^ewn in Figure 1. Ihe mandrel is formed by 
positioning a 3-1/2 inch diameter knurled stainless steel core into a 
4-1/8 inch dianeter split casting mold and cast with the low melting alley. 
The alloy is first heated to a tenperature of ^jproximately 300°F, then 
poured in a molten state into the heated casting mold. The band heaters on 
the casting mold are turned off and the entire assetrbly is allowed to cool 
slowly to avoid entr^ped air pockets. After cooling, the cast mandrel is 
removed from the split mold and then machined to a diarteber of 4.000 ± .005 
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Figure 1. Collapsible Metal Electroform Mandrel With 
Casting Mold and Heaters 
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indies with a 32 ntis finish. Hie mandnel is then rea^ for electro^ 
foiming. TWo polypropylene shields are attached to the tc^ and 
bottom of the manchel to prevent excessive build*^i^ in these areas. 

A one inch diameter stainless steel shaft is attached to the top 
of the mandrel for rotation purposes. Attached to the bottcm of 
the electrofonn mandrel is a test oovpon itendrel ccnprising a stain- 
less steel block 2-1/2 inches on a side by 6-1/2 inches long. The 
entire mandrel asseantoly is shown in Figure 2. 

The cast cylindrical mandrel is prepared for plating by 
degreasing, dipping in 10% flucboric acid solution and water rinsing 
in tap then deionized water and plating. The test coupon mandrel is 
prepared by degreasing, acid dipping, water rinsing and plating. 
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Figure 2. Metal Electroform Cylinder Mandrel With 
Verification Sample Mandrel Attached 


17 


B. DISPEBSION STREaSfGTHENING STUDIES 


Ihe cbjecti've of ■tiie second task was to inprove the properties 
of the electro-deposited nickel through the use of oo-deposited dispersion 
strengthening particles such as alumina and thoria. The preliminary work 
to perfect the prooess was done on a laboratory scale with small sanple 
specimens . After the prooess was optimized with respect to tensile 
strength properties, four dispersion strengthed nickel cylinders were 
electroformed and two were burst tested to determine the improvement in 
strength properties that had been achieved. 

1. Experimental Investigation 

IWo a<perimaital five gallon nickel sulfate-chloride baths 
were used for the ini tied, portion of the dispersion strengthening studies. 
Nickel plated from both baths were made into flat plate tensile specinEns 
for verification of the target standard nickel properties before being 
operated with dispersion particles. 

Alutdntin oxide particles were dispersed in one of the baths. 

The -^12*^3 P^i^iclss used in this stu^ were polishing grade gaitina Al,0_ 
with an average particle size of 0.05 itdcran, A oanoentration of A l^ O^ 
equal to 16 g/1 in the 5 gallon bath was added to two liters of tte bath 
and ball milled for 48 hours to achieve oomplete dispersion in the bath. 
The of the dispersion was tested and adjusted if necessary before 
adding to the plating bath. An air agitation system was used to maintain 
the dispersion in the cathode cenpartment of the bath. SubseqiEntly, a 
ocnoentration of AI 2 O 2 equal to 25 g/1 in the bath was prepared and adrWt 
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to the bath. 


Thoriian oxide particles were dispersed in the other ej^jeri- 
nental bath. The Th02 particles being used in this stu^ have a particle 
range of 100 to 300 angstrons. A concentration of lh02 equal to 5 g/1 
in the 5 gallon bath was added to one liber of distilled water and ball 
itd-lled for 48 hours to achieve a ccnpletely dispersed hydrated inateirial, 
which was then added to the sulfarnate-chloride bath. An air agitation 
system was used to maintain the dispersion. 

Both esgjeriiTBntal particle baths were operated with a itienbrane 
separating the anode ccrpartment from the cathode canpartnent. Ihe 
aonpartraent was separated by a porous paper mertbrane that keeps the 
particles out of the anode ocnpartment and prevents anode sludge front 
getting into the cathode area to affect the d^sit. However/ a nvnber 
of difficulties vere eagserienced with rupture of the mertbrane and leakage 
of the particles into the anode oonpartment. Also tiie necessary plating 
current and voltages had to be greatly increased because of a voltage drop 
acaoss the mertbrane. All of these factors oorrbined led to discontinuing 
the use of the matbrane during the cylinder fabrication. 

2* Dispersion Bath Ebperdjtental Parameters 

The experimental parameters vhich were investigated for the form- 
ation of dispersicxi strengthened electroformed nickel included: 

a. Bath particle conoentraticn; 

b. Chemical octiposition of particle dispersion; 

c. Di^jersicn particle size; 

d. Cathode current density. 
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The plating oanditions of the dispersion eaq^erinental baths 
were naintained as close as possible to the normal operating con- 
ditions of the standard sulfamate nickel bath. However, the meitbrane 
separation of anode and cathode ccnpartments provided difficulty with 
oontrol of the pH, tenperature aid particle oonoentration parameters. 
Hie ej^jerimental bath, plating parameters for the dispersion studies 
is shown in T^le II. 

Sairples from each bath were machined into standard 
tensile specimens and tested for tensile strength and elongation at 
room tenperature and 1500® f. 
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OS^BLE II 


Ej<perijmental Plating Parameters for Dispersion Strengliiening Studies 


J^umLnum Oxide Dispersion 


Sanple 

No. 

Current 

Density 

asf 

pH 

Anode 

Cathode 

Temperature (®C) 
Anode Cathode 

Particle 
Concentration 
in Bath (g/1) 

Cathode 

An?>-Hciurs 

Thidoiess 

Mils 

76E2 

20 

3.9 

4.0 


50 

16 

350 

37 

86E2 

20 

5.5 

4.5 


49 

16 

1530 

92 

92E2 

40 

3.8 

4.0 

44 

49 

16 

360 


97E2 

20 

4.4 

4.5 

38 

49 

10 

1600 

98 

108E2 

20 

4.8 

4.0 

36 

49 

16 

320 

43 

U3E2 

20 

4.5 

4.1 

36 

50 

25 

480 

47 

12CE2 

40 

4.9 

4.0 

36 

49 

25 

720 

61 

126E2 

60 

4.7 

4.1 

35 

50 

25 

705 

69 


Ihorium Oxide Dispersion 


92E3 

20 

3.1 

100E3 

20 

4.3 

106E3 

30 

4.8 

3D8E3 

40 

4,3 

127E3 

50 

4.2 


4.0 

44 

49 

4.3 

39 

49 

4.0 

44 

51 

4.3 

44 

49 

4.0 

39 

46 


5 

360 

35 

5 

490 

34 

5 

480 

41 

3.7 

640 

54 

5 

569 

59 
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3. Esqjerimental Dispersion Stirengthened Ttest Results 


Die rocm tesiperatuie and 1500°F tensile strength and elongation 
date for Al2^3 saitples is given below: 


PartioLe 


Sanple 

No. 

Current 

Density 

(asf) 

Concen- 
tration 
in Bath 
(cfA) 

Avg. Tensile 
Strength 
Id^j^i 

Avg. Elongation 
in 2 in. Gauge 
% 


1500"F 

Rtt. Tertip. 

1500“F 

76E2 

20 

16 

129 

6.1 

6.5 

12.3 

86E2 

20 

16 

97.5 

11.0 

6.4 

5.8 

92E2 

40 

16 

81.4 

7.7 

10.1 

4.2 

97E2 

20 

10 

111 

8.6 

4.5 

2.4 

108E2 

20 

16 

114 

6.1 

9.7 

10.4 

U3E2 

20 

25 

117 

4.2 

1.1 

10.4 

120E2 

40 

25 

105 

5.7 

2.0 

6.8 

126B2 

60 

25 

84.7 

7.9 

6.3 

5.4 

128E2 

30 

25 

95.0 

5.9 

2.9 

5.3 



Ihe room temperature and 1500*F tensile strength and elongation 

data for lh 02 test 

sanples is 

given belcw: 



Sairple 

Current 

Density 

Particle 
Concen- 
tration 
in Bath 

Avg. Tensile 
Strength 
10 psi 

Avg. 

in 

Elongation 
2 in. Gauge 
% 

No. 

(asf) 

(g/1) 

Rn. Terp. 1500“F 

Pm. Tartp. ISOO^F 

92E3 

20 

5 

138 8.0 

7.3 

9.7 

10QE3 

20 

5 

124 7.8 

3.9 

11.3 

3D6E3 

30 

5 

130 5.9 

4.1 

8.6 

108E3 

40 

3.7 

127 6.6 

3.4 

6.7 

127E3 

50 

5 

107 5.1 

5.2 

8.4 

129E3 

20 

5 

129 4.1 

3.4 

14.1 
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Figure 3 shows a dispersion of ®iD 2 particles in one of the 
electrofbmed nickel test oovpons, Bie figure was made electron 
microsoopy replica tedmiques. Figure 4 shews a dispersion of *l2®3 
particles in one of the electroformed nickel test ooupcais by an electron 
replica photomicrograph. 

The rocm tenperature tensile strength properties of the alumina 
dispersed nickel shew an average strength approximately equal to the 
standard nickel at the lower current density (20 asf) with a subsequent 
decrease in strength at hi^ier current daisities. This trend is seen 
with two particle oenoentratiens in the bath; i.e., 16 and 25 grams per 
liter. Bie 1500®F tensile data shows a large deviaticai in strength values 
frem 40 percent below that of the standard nickel to 15 percent above. 

This data is from a limited nunber of sairples, but the data indicates less 
reprx3ducibility with this material than with the thoria dispersion. The 
room tatperature tensile strength properties of the thoria dispersed nickel 
shew a 7 to 10 percent increase in strength over the standard nickel at a 
20 to 30 asf current density, with no increase in strength at a hi^ier 
current density (50 asf) . Hewever, tensile strength neasucemaits at 
1500®F (4 sanples with two tests each) shew a decrease of 0 to 20 percent 
belcw the standard nickel. Althou^ this data is frem a limited nunber 
of sanples, a conclusion was drewn at the time with regard to the thoria 
system. The room tenperature tensile strengths are higher than those 
for the standard nickel or for the alunina dispersed nickel, the hi^ 
tenperature data is also more oensistant than the alumina dispersion, al- 
thou^ the alumina data has two sanples vhich had a higher strength. On 


23 . 




I 


i 


p 

i 


f 

r 

» 


I 

Figure 3. Electron Replica Photomicrograph of Th02 Particles j 

Dispersed in ED Nickel, 7700X ! 
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Figure 4. Electron Replica Photomicrograph of AI 2 O 3 Particles 
Dispersed in ED Nickel, 7700X 
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the vAiolfi, it was cmcluded that the tharia dispersion at its current 
stage of development was the better of the two dispersion strengthened 
materials. Thus the thoria dispersion was used for fabrication of cylinders. 

4. Dispersion Strengthended Clylincter Fabrication 

a. Procedure 

A separate fifty-five gallon electroforming tank was placed 
in operation for this phase of the program. The plating tank was a 24 x 
24 X 30 inch polypropylene tank eqioipped with conpressed air agitation, 
quartz irtnersicai heaters and a thermostatic heater control. The anodes were 
rolled depolarized nickel bar housed in ejcpanded mesh titaniun anode baskets. 
The baskets were double bagged with dynel anode baths . Filtration of the 
bath was done on an intermittent basis after the agitation was stopped for 
a period of time. A phosjhate type anti-pit agent ocnpatible with the air 
agitation was used in a sulfaroate-chloride bath formulated by adding chloridb 
ion to a standard Barrett-Sulfamate nickel plating formulation. 

The bath was diatny plated .and the desired quantity of boric 
acid was adde d to the bath over a two-^v^ek period. After the physical 
properties of the bath were measured to be close to the target properties 

O 

of 100,000 psi at 10% elongation, a quantity of the 100-300 A thorium 
oxide was added to the bath equivalent to 5 g/1 oonaentration. The cylincter 
fabrication was acccnplished in an identical manner to that of the standard 
nickel cylinders described previously. 

b. Cylinder Fabrication Parameters 

Four dispersion strengthened nickel cylinders were electro- 
foimed from the thorim oxide dispersion bath. The fabrication paraiteters 
are listed in Table III. 


I 
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TABLE III 


Dispersion Stoengthened Nickel Prodaoed from 

Tfjoria Sulfamate-Qiloride Bath 


cylinder 

No. 

Sanple 

No. 

Current 

Density 

(asf) 

pH 

Bath 

Tanp. 

(*C) 

Plating 

Time 

(Hrs.) 

Plated 
Wall Ihick- 
ness (Mils) 

Hoop Tensile 
Strength 
psi 

17 

246-2P3M 

20 

3.9 

48 

79 

70 

102,000 

18 

246-3P3M 

20 

4.1 

48 

81 

71 

93,000 

20 

246-6P3M 

20 

4.1 

48 

72 

68 

Not tested 

21 

246-6P3M 

20 

4.1 

48 

67 

70 

Not tested 
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c. 


WIFE WE®PPED STREMgfflINING STUDIES 


1. Backcfround 

Oontinucxas steel wire hcxjp-wound into an elec±rofonnsd 
nickel matrix thin-walled cylinder is an exartple of an undirectional 
array ductile-ductile oonposite material. The es^jected strength of 
a fibrous composite material is ^>pa:oximtely equal to the rule of 
mixture value based v;()cai the volume and strength of the constituent 
materials. 

Early investigations into electxoforming continuous 
ireinforoenent fibrous ocnposites identified a proble m of a void area 
occurring with the electroform growth pattern around a rcund wire rein- 
fcaxonent and the surface of the mandrel or previaas l^r. The void 
is found at the intersecting boundary between the matrix growth from the 
flat surface and the outer surface of the reinforcement as i^cMn in the 
schanatic representation illustrated in Figure 5. This problem is 

more severe with round reinforcements than with otiier shaped reinfoaroe- 
ments. Since the throwing power of most electroforming baths is less 
than ideal, the reoessed regions, i.e., the point of fiber matrix inters 
section will have less metal deposited than on the remainder of the 
surface. The <tegree of metal deposition in the recessed region is ulti- 
mately related to the thickness of the cathode diffusion layer. If 
irregularities occur on the cathode surface, the diffi;ision layer will vary 
in thickness with the result that the rate of mass transport of the deposit- 
ing ions will be less in the recessed region. Thus, the deposit will not 
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repiroduoe the oontours of the cathode surface satisfactorily. 

In order to eliminate this prdDlem a special reinforcement cross 
section was developed that would readily permit fill by the electrofbnned 
nickel without voids due to the grwth patterns between the mandrel surface 
and the reinforcement. 

2. Reinforcing Wire Selection 

Two sizes of type 302 stainless steel wire were ordered for the wire 
reinforcing fhase of the program. This material can best be described 
as half-round wire with nominal dimensions of 0.004 by 0.008 inches and 
0.010 ty 0.020 inches. A series of measurements made on the actual wire 
showed that, for the small size wire, the width was an average of 8 mils, 
while the height was 4.5 mils; while for the large size wire, the width 
was an average of 19.3 mils, while the height was 10.4 mils. 

Ihe tensile strength of the wire was measured over a six inch 
gauge length. The tensile strength of the large wire was 277,000 psi 
while the small wire exhibited a tensile strength of 390,000 psi. 

3. Experimental Wire Reinforcing Studies 

The standard nickel sulfamate-chloride bath used for Phase I 
of the stut^ was also vised for the vdre reinforcing jhase. During the 
experimental portion of this phase, the wire was vnr^ped on small diameter 
cylindrical mandrels to determine the spacang and bonding characteristics 
necessary to cptimize the process. The spacing which was used included 
ncxninal spacing, cne diameter and two diameters apart. Small diameter 
wound cylinders were plated with nickel to determine the fill between the 
wires. Cross sections of the wound cylinders were made and are presented 
in Figures 6 through 9. In all cases with the exception of the 
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Figure 6. Reinforcement of Stainless Steel Wire in Electroformed 
Nickel Showing Fill with 8 mil Shaped Wire at 
Nominal Spacing, 100X. 


297-15-2 



Figure 7, Reinforcement of Stainless Steel Wire in Electroformed 
Nickel Showing Fill with 8 mil Shaped Wire at One 
Diameter Spacing, lOOX. 
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Figure 8. Reinforcement of Stainless Steel Wire in Electroformed 
Nickel Showing Fill with 8 mil Shaped Wire at Two 
Diameters Spacing, lOOX. 
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Figure 9. Reinforcement of Stainless Steel Wire in Electroformed 
Nickel Showing Fill with 20 mil Shaped Wire at One 
Diameter Spacing, lOOX. 
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noninal spacing, the nickel fill is \anifooti, in intinate contact with 
the wire and without any void areas between the wires. These results 
indicated that the fabrication of wire wound cylinders should be aoooift- 
plished with half diameter and one dicineter spacing. 

4. Procedure for Wire-Wrapping Cylinder Fabrication 

The general procedure that was used for the Task III wire 
winding and ootfositing effort was influenced by the filling and leveling 
behavior that was found in previous work on electroforming nickel over 
square wire arrays. A ccxnpletely smooth and cylindrical overplate of 
several mils thickness on top of an arr^ of square wianes is essentially 
inpossible to cbtain. If this surface were not flattened, the next l^er 
of wire winding and overplating would be progressively more non-uniform, 
disnpting die wire spacing and creating additional matrix void areas. 

For this reason the nickel overplate in each layer is well beyond that 
required and is then machined back to a smooth surface of the required 
thickness. The winding procedure was: 

a. electrofom the base layer nxan the mandrel surface; 

b. attach and wind the wire at the required spacing 
under sufficient tension to keep good contact with 
underlayer; 

c. overplate with nickel to fill gaps and plate a few 
mils of nickel in excess at the bottoms of the 
corrugations in the overplate surface to allow for 
machining to a smooth surface; 
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d. reitDve from bath, rinse and machine bade to required 
surface and thickness; 

e. vand next la(^er of wire; 

f. go throu^i sxirface degreasing and reactivation 
procedure; 

g. overplate as in 3 above and continue in like fashion 
until last required layer is obtained. 

The wire winding was carried out with an unspooling and gear 
drive spacing ^:paratus provided a precision lathe. 

5, Activation Procedure for Plating Nickel on Wire Wound Nickel Cyl in de r s 

In order to replate nickel onto a plated nickel surface, the 
surface must be activated to prevent delamination of the subsequent plate. 
Any interruption in current during plating or removal of the part from the 
bath will cause the nickel surface to beocme passive. This is particularly 
true when the part was ranoved for machining or grinding eperations vhich 
were necessary in this program. After machining and winding, the nickel 
activation and plating procedure was as follows ; 

a. Degrease 

b. Soak dean in cxammercial alkali-cyanide cleaner for 
1-1/2 ndnutes 

c. Water rinse 

d. Activate in nickel potassium cyanide solution for 30 
seconds 

e. Water rinse 
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f . Nickel strike in woods nickel bath for 1-1/2 minutes 

g. Water rinse 

It is also worthy to note the above described procedure was 
necessary for preparing stainless steel for adherent plating. Therefore 
vhen the nickel is activated, the steel wire will also be activated such 
that good bonding will be obtained on the steel wires as well as the 
previous nidcel layer. 

The reinforcing wire was attached to either end of the mandrel 
to tie dcwn the ends for overplating. One wire end was tied down at the 
start of the winding of a given layer and the other end at the oonpletion, 
by means of plastic screws to miniinize dendrite fontation at the edges 
during overplating. 

The schedules that were followed in winding the various cylindrical 
laminate forms are given in Tables IV, V, and VI. These specify the wire 
spacings and thickness of the alternating layers. The fabrication para- 
meters for the wire-wrapped nickel cylinders produced from the sulfamate- 
chloride bath is given in Table VII. 
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Table IV. Wire Spacing Sdiediiles 


Nunber of 
(flinders 

Wire Width 
(inches) 

Space Between 
Wires (inches) 

2 

0.020 

0.020 

3 

0.020 

0.010 

3 

0.008 

0.008 

1 

0.020 

0.010 (Four Wire 
Layers) 


Table V. Nanitial Lamination Schedule, 
0.010 inch Height Wire 


Layer 

Thidcness (inches) 

Material 

1 

0.015 

electrodeposited nickel 

2 

0.010 

wire 

3 

0.015 

nickel over the wire* 

4 

0.010 

wire 

5 

0.020 

nickel over the wire* 



Table VI. Nominal Lamination Schedule, 
0.004 inch Height Wire 

Layer 

Thickness (inches) 

Material 

1 

0.010 

electrodeposited nickel 

2 

0.004 

wire 

3 

0.008 

nickel over the wire* 

4 

0.004 

wire 

5 

0.008 

nickel over the wire* 

6 

0.004 

wire 

7 

0.008 

nickel over the wire* 

8 

0.004 

wire 

9 

0.020 

nickel over the wire* 


*nickel bo fill space between wires. 
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TAHE£ VII 


Wire Wrapped Nicfeel cylinders Produced from Sulfamate-Chloride Bath 

Wire No, of Current Bath Plating Plated 

Size Wire cylinder Ssnple Density Toip. Time Wall Ihidc- 

(Mils) Layers No. No. (asf) pH ( ^.C) (Hrs.) ness (Mils) 


20 

2 

9 

243-99PM 

20 

2 

13 

243-143PM 

20 

2 

14 

243-144PM 

20 

2 

15 

243-146PM 

8 

4 

16 

243-148PM 

8 

4 

19 

246-4PM 

20 

4 

22 

246-7PM 

20 

2 

23 

246-8PM 


20 

4.1 

49 

51 

81 

20 

4.2 

49 

56 

62 

20 

4.2 

49 

97 

62.5 

20 

4.2 

49 

123 

61 

20 

4.1 

49 

177 

70 

20 

4.1 

49 

254 

70 

20 

4.1 

49 

— 

— 

20 

4.1 

48 

— 

— 

20 

4.1 

49 

— 

— 


Hoop Tensile 
Strength 
psi 

126,000 
125,000 
99,200 
131,000 
Not tested 
147,600 
Not tested 
Not tested 
Not tested 


8 


3 


24 
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D. PHYSICAL PFDPEFTY TESTING 


The physical property testing of the nickel electrofoimed material 
was a major integral functicai of the program. The tensile properties of 
the electroformed nickel were determined by ripturing a rtachined tensile 
specimen in a Timis Olsen testing machine, 'idiile an extenscmeter was 
used to generate a stress-stirain curve. The burst strengtdi or hoop 
tensile strength of the fabricated cylinders was measured by hydraulically 
pressurizing the inside of the cylinders to rtpture of the cylinder wall . 
Strain gages were attadied to the outer wall of the cylincter and a stress 
strain plot to the limits of the gage was obtained. The hydraulic pressure 
at failure was reoorded and the hoop tensile strength of the cylinder was 
calculated. 

1. Tensile Strength, Yield Strength, Elongation and Madulus 

at R3om Tenperature and 1500°F . 

The data is generated at roan terrperature fran a stress-strain 
plot of the specific nickel sanple being tested. The tensile test coupons, 
six inches in length, cne-half inch in width, reduced to one-quarter inch 
over a two inch gage section, were tested on a Tinus Olsen 12,000 pound 
Electromatic test machine. A claitp-on microformer type extensoneter was 
used to generate the stress-strain curve. One type of extensoneter mounting 
is shewn in Figure 10, vhile the test machine is shown in Figure 11. The 
particular extensemeber shown in the above figure, was designed primarily 
for hi^ tenperature measurements, and has only a oie inch gage length. The 
contract called for measurement of elongation over a 2-inch gage length, un- 
fortunately, room tenperature elongation values obtained with the cne inch 
hi^ terrperature— type-extensoroeter do not oerpare directly with a rrethod 
using two inch gage marks. This difference is due to the occurrence of 
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Figure 10. Tensile Testing Set-up Using High 
Temperature Type Extensometer 
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Figure 11. Universal Testing Machine 


40 




localized reduction in area or "necking" vMch occurs just before failure 
and vdiicii is more pronounced in the one inch gage neasurement. When 
"necking" occurs, elmgation values are not independent of g^e length. 

The initial program procedxire was to ireasure total elongation 
using two itethods; measurement of gage mark separaticai using a 2 inch 
gage, and the use of a microformer-type extensometer having a one inch gage 
to generate a stress-strain curve from which total elongation would be 
obtained. Both of these measxirKtents techniques were to have been used at 
rocm tesntperature and 1500®F (SIS^C) , the extensometer method being preferred 
bec||use it includes in the total elongation data the elastic or Hook's 
Law elongation vhile the gage mark method does not. For the specdmens 
measured to date this amounts to a total elongation value (by the gage 
mark method) about 0.3% low. Sene difficulties were later encountered 
with the extenseneter meastirenents of total elongation becaiose of the 
extreme reduction in area of the specimen after hi^ elongation. As 
a result of the area reduction, the extenseneter clanps became loose 
and the extensemeber slipped. At room tenperature the clanps could be 
ti^tened by hand as the best progresses but this was xx>t practical at 
1500 *F. For this reason the gage mark method was used for total elongaticn 
at 1500 ®F, The high tenperature extensometer was used only to ooUect 
modulus and yield strength data which could be obtained before high elong- 
ation tdees plaoe. While the gage mark meHiod may not be the optinum 
measurement technique, it is an acceptable method as per ASTM Tension 
Testing of Metallic Materials (E8) . The nethod was particularly suitable 
for this program vhere ocnparable results are required at room tarperature 
and 1500 ®F. 
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During the latter portion of the program, a two-inch gage 
extensometer was obtained and room tenperature stress-strain curves were 
produced. The elongation values obtained at room tatperature with the 
extensometer and with the gage inarics agreed well within the experimental 
error from one measiorement to another. 

2. Burst Test apparatus 

The cylinders fabricated in each of the tiiree tasks were pressure 
tested to f 2 dlure using the secxand of the burst test apparatus described 
below. 

a. Non Constrained End Test ipparatus 

This apparatus ocnsisted of an internally pressurized hydraulic 
cell, with the cylinder to be tested mounted inside between a top and bottom 
closure. The closures were designed with gasket and "0" ring seals designed 
to seal to the inside surface of the cylinder. The hydraulic pressure was 
applied on a moveable pistcxi momted throu^ the tcp closure by the Tinius 
Olsen Electroraatic Testing Machine . This apparatus worked well when checked 
out using a steel cylinder machined from a solid bar of type 1116 free 
itachining carbcn steel. However, if the test cylinder is sufficiently 
ductile like elec;troformed nickel, the cylinder wall defoims and the 
hydraulic fluid can leak past the end cxLosure seals . The test worked well 
for the c:arbon steel cylinder because it e>irLbited brittle failTice, but 
was not successful in bursting to failure a nickel electrofbrm cylinder. 

b. Ocaistrained Ehd Test Apparatus 

The problems associated with burst testing a ductile metal with 
a hi^ tensile strength such as electroformed nickel necessitated using 
a secxHid completely different test apparatus from that described previously. 
This epparatus shown in Figure 12 \ased mechanical end seal c^s which 
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Figure 12. Constrained End Hydraulic 
Burst Test Apparatus 


I 
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were epoyy bonded bo the cylinder ends. The end seals are held in a 
oonstrained fixed position in bets^een two platens of a 20 ton hydraulic 
press to prevent failure of the end seals due to internal pressinre. 

Ihe cyli n ders were pressurized by punping hydraulic fluid 
tiirough an opening in tiie end caps. The hydraulic pressvire was controlled 
by an external meciianical punp, and ncnitored by pressure gages in the 
line. 

c. cylinder Testing Procedure 

The follcwing procedure was followed in performing the binrst 
best on electroformed nickel cylinders: 

(1) Inspect cylinder. 

(2) locate and bond 4 strain gages on the center line 
between the two cylinder ends at 90° intervals so 
that the strain during the test shall be measured 
in the hoop direction. 

(3) Assenble cylinder on the bottom eid with epooy. 

(4) Assenble bop end c^ on cylinder, epoxy seal and cure. 

(5) Connect strain gauge leads bo the strain recorder 

and perform) all necessary balancing of the instruments 
with the gauges. 

(6) Insert hydraulic line into end cap and slowly fill 
cylinder until fluid level overflows from tcp end 

CSp m 

(7) Center entire hydraulic burst test assenbly between 
the platens of the large hydraulic press and close 
until contact is made. 
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<8) hydraulic pressure to approsdjiately 250 pounds 

of load. Record exact load and internal pressure and 
record strain gauge reading. 

(9) Bemove load and recheck strain gauges and pressure gauge 
for zero return. 

{10) Reapply pressure to 250 pounds and record load, pressure 
and strain gauge values 

(11) Raise load an additional 250 pounds and record load, 
pressure and strain gauge values. 

C12) Repeat step 11 at 200 pound intervals until 2000 
pounds of load is attained. 

(13) Increase load intervals to 300 pounds and take 
^prppriate readings mtil cylinder failure. 

(14) Calculate hoop stress at failure 

Stress = ^ 

where p = internal pressure at failure 

R = distance from center to wall mic^int 

t = average wall thickness of cylinder 

(15) Plot stress-strain curve from data cbtained during the 
test and deterndne cylinder modulus, yield stress and 
total elongation. 

(16) Remove ruptured cylinder for netallogr^iiic analysis. 

The details of the strain gage electronic read out and the 

plotted stress-strain curves for a nurrber of the tested cylinders is pre- 
sented in appendix B. Stress-strcdn plots were not cbtained for all the 
tested cylinders, due to the lack of bending of the strain-gages on the 
nickel cylindeirs during testing. 

The test results for the cylinder testing as well as for the nickel 
electroform tensile properties are presented in Section E. 
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E. RESULTS OF CYLINDER TESTING 

This sec±ion contains a suirmary and discussion of results concerning 
the physical properties of standard nickel electrofonned cylinders as 
contrasted with the dispersion strengthened and wire-wr^>ped nickel electro^ 
formed cylinders. The plating parameter history and saitple testing results 
for the standard, dispersion strengthened, and wire wre^jped nickel electrcj- 
forms are presented in tabular form in i^jpendix A. 

1. Standard Nickel Cylinder Test Results 

Four standard nickel cylinders were fabricated and hydraulically 
tested to failure. TWo of the cylinders were tested in the as produced 
condition and two in a heat treated cxnditicn. The test results are shewn 
in Table VIII. 

The standard nickel cylinders exhibited an average hoop tensile 
strength of 80,000 psi, a yield strength of 65,000 psi and a modulus of 
25.6 X 10® psi as measured by strain gage readings during the hydraulic 
burst test. The test mandrel tensile specinens which were electroformed 
alcjng with cylinders rasasured in the normal manner eidiibited an average 
ultimate tensile strength of 102,500 psi, a yield strenglix of 70,000 psi 
and a modulus of 25.2 x 10® psi. The modulus values cxinpare favorably 
on the two test geometries and the yield strengths are cjonpardole within 
ej^jerimental error, but the ultimate tensile strength of the tensile 
coupon is higher than the hoop tensile of the cylinder by 22,500 psi. These 
results indicate the difficulty of making conparisons of physical properties 
of a material when measured ly different techniques on different test geciretries. 

There are a number of possible explanations for the difference be- 
tween the hoop tensile strength of the cylinder and the ultimate tensile 
strength of the tensile ootpon. First, there are differences in testing 
techniques, the burst testing is less acc:urate than the tensile testing due 
to problems in strain gage adhesion and plastic deformation of the cylinder 
before rupture. Second, there are differences in test geemetry. The tensile 
coupons are machinfid from flat plates which does not involve machining on 
the surface to be fractured. The cylinders were always ground cn the outside 
surface to remove protrusions and maintain a uniform wall thickness . The 
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TABLE VIK - Stondord Nickel Cylinders 


Sample 

No. 

Test 

Cylinder 

No. 

Test 

Cylinder 

Condition 

Cylinder 
Hoop 
Tensile 
Strength 
X 103 Dsi 

Cylinder 
Yield 
Strength 
0,2% offset 
X 103 Dsi 

Cylinder 

Young's 

Modulus 

X 10^ DSi 

243-88PM 

7 

As 

Produced 

84.1 

77.0 

26.0 

243-93PM 

8 

As 

Produced 

75.7 

53.0 

24.2 

243-1 00PM 

10 

Heat 

Treated 

63.4 

19.0 

26.0 

243-1 39PM 

12 

Heat 

Treated 

44.8 


* 


Method 

of 

Failure 

Test 

Mandrel 
Tensile 
Strength 
X 10^ psi 
Rt ISOO-^F 

Test 

Mandrel 
Elongtn . 

% 

Rt 1500<»F 

Test 

Mandrel 
Young's 
Modulus 
X 10^ psi 

Test 
Mandrel 
Yield 
Strength 
X 10^ psi 

Pin Hole 
Failure 

112 * 

10.8 * 

23.2 

73.2 

Rupture 

93 

5.5 * 

* 

* 

Rupture 

114 8.5 

9.7 6.5 

28.2 

74.6 

Rupture 

94.1 6.4 

10.9 2.9 

24.0 

62.1 


*Dota not measured due to fnsufficient material or instrumentation failure* 



effec3t of s\3rface grinding on the cylinder properties was not determined 
ej<perimentally but would be expected to have an effect similar to annealing. 

However, in spite of the differences noted dx>ve, some conparisons 
of physical properties iitprovements must be based on oaipariscais of strength- 
ened material versus non straigthened material produced at the same time due 
to variations in nickel electrofom properties depending rpon the state of 
the bath. 

The crpss-section and fracture surface photondcrogr^hs of the 
standard nickels cylinders are shown to illustrate the mode of failure of 
this material. Figure 13 shows cylinder nunber 8 after burst test rupture. 
Figure 14 shows a close-up view of the fracture surface of cylinder 8. Vihile 
figure 15 shews the fracture surface area. Figure 16 shows the rupture of 
cylinder 10. Figures 17 and 20 show the fracture surfaces of the heat treated 
cylinders 10 and 12 after rupture in the buorst test. Figures 18, 19, 21 and 
22 show the non-fractured and fracture surfaces of cylinders 10 and 12. 

2. Thoria Dispersion Strengthened Nickel Cylinder Test Besults 

Pour thoria dispersed nickel cylinders were fabricated and two were 
hydraulically tested to failure. The two heat treated cylinders could not 
be tested due to severe oxidation in the furnace during heat treatment. This 
cocidation was caused by a nitrogen valve nalfunction during the heat treating 
cycle. The test results for the as produced cylinders is shown in Table IX. 

The as produced dispersion strengthened nickel cylinders ^xwed an 
average hocp strength of 97,500 psi with a yield strength of 67,000 psi and a 
modulus of 36.4 x 10® psi. The test mandrel tensile specimens exhibited an 
average ultimate tensile strength of 92,800 psi, a yield strength of 60,000 
psi and a modulus of 22.6 x 10® psi. 

The dispersion strengthened cylinders showed an increase of 17,500 
psi or 22% over the standard nickel hocp strength in the as deposited con- 
dition. Also, the tensile strength of the as produced dispersion strengthoied 
electrodeposited nickel shews an increase of gpprcKimately 20,000 psi over 
conventional TD nickel sheet at roan tenperature. The yield strength of the 
dispersion strengthened electrodeposited nickel is higher by approximately 
15,000 psi than the TD nickel sheet at roan tenperature. However, at a 
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Figure 13. Standard Nickel Cylinder 
After Burst Test 
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Figure 14. Fracture Surfacje After Burst Test 
of Standard cylinder 8 
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Figure 15, Fracture Surface Area of Standard 
Nickel Cylinder 8, 100X 
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Figure 16. Fracture Surface of Heat Treated Standard 
Cylinder 10 After Burst 
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Figure 17. Fracfure Surface of Cylinder No. 10 
(Heat Treated) 



Figure 18. Cross Sectional View of Heat Treated 
Standard Cylinder 10, lOOX 
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Figure 19. Fracture Section of Heat Treated 
Standard Cylinder 10, lOOX 



Figure 20. Fracture Surface of Cylinder No. 12 
(Heat Treated) 
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Figure 21 . Cross Sectional View of Heat Treated 
Standard Cylinder 12, lOOX 



Figure 22. Fracture Section of Heat Treated 
Standard Cylinder 12, 100X 
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TABLE IX ~ Dispersion Strengthened Cylinders 


Test 


Sample 

No. 

Test 

Cylinder 

No. 

Test 

Cylinder 

Condition 

Cylinder 
Hoop 
Tensile 
Strength 
X 1 0^ psi 

Cylinder 
Yield 
Strength 
0.2% offset 
X 10^ psi 

Cylinder 

Young's 

Modulus 

X 10^ PS! 

Method 

of 

Failure 

Mandrel 
Tensile 
Strength 
X 10^ psi 
Rt 1500®F 

Test 

Mandrel 

Elongtn. 

% 

Rt 1500°F 

Test 

Mandrel 

Young's 

Modulus 

X lO^^DSi 

Test 

Mandrel 
Yield 
Strength 
X 10^ Dsi 

61.3 

246-2PM 

17 

As 

Produced 

102 

67 

36.4 

Rupture 

89.9 

8.1 

8.6 

2,0 

23.0 

246-3PM 

18 

As 

Produced 

93 

* 

* 

Rupture 

95.7 

6.7 

8.4 

3.7 

21.2 

58.7 

246~6m 

20 

Heat 

Treated 

ic-k 


** 

— 

101.4 

13.5 

7.2 

4.6 

23.6 

69.6 

246-6PM2 

21 

Heat 

** 

•k* ** 

** 

— 

119.0 

12.1 

3.5 

5.5 

24.9 

83,3 


*Data not measured due to strain gage failure. 

**Cylinders not tested due to severe oxidation during heat treatment. 



tenperature of 1500°f , the tensile strength of the dispersion strengthaied 
elecftrodeposited nickel drops to one third of the strength of TO nickel at 
that teirperature. 

Sone cross-section and fracture surface phototacrogr^hs of the 
dispersion strengthened nickel cylinders are shewn to characterize and 
illustrate the node of failure of the cylinders. Fig\ares 23 and 24 show the 
fra<3ture surface of dispersion strengthened cylinder 17 vhich appears to 
be a brittle fracture. Figures 25 through 29 show the metallurgical structure 
of as produced, tested and heat treated dispersion strengthened cylinders. 

3. Wire Wrapped Nickel cylinder Test Besults 

These test cylinders can best be analysed as a steel wire-nickel 
matrix ootrposite system. In the fiber direction or hoop direc±ion, the 
exmposite modulus and strength is principally determined by the volume ratio 
of the cxjnstitusnts (rule of mixtxires) . Jh the transveirse direction the 
modulus and strength is principally determined by the properties of the nickel 
matrix alcane. When the oonposite is stressed in the fiber or hoop direction, 
the matrix will yield fiist and, if a sufficient bend exists, share its load 
with the wires. The wires will undergo failure first and initiate failure 
for the whole oonposite. In the transverse direction, the transverse strength 
will be essenticdly the matrix strength applied to the whole cross sec^tion in 
the case of gcod bonding or less than the matrix strength in the case of poor 
bcxiding. 

The test results for the as produced cylinders is shewn in Table X, 
along with the test results for the mandrel test cx>vpcns. This is a case 

the data mist be interpreted on a comparison of strengthened material 
versus non-strengthened material produced at the same time. The wire 
wrapped cylinder hoop strengths range from 99,000 to 148,000 psi with a cor- 
responding range for the nickel test oovpons of 60,000 to 100,000 psi ultimate 
tensile. The wire wrapped cylinders show an increase in strength over the 
standard nickel test samples of 26,000 to 66,800 psi, which is a 26 to 104% 
increase. 
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Figure 23, Fracture Surface of Dispersion Strengthened 
Cylinder No. 17 



Rgure 24. Close-Up of Fracture Surface of Dispersion 
Strengthened Cylinder No. 17 
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Figure 25. Cross Sectional View of Thoria Dispersed 
Cylinder 17, lOOX 
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Figure 26. Cross Sectional View of Thorio Dispersed 
Cylinder 18, lOOX 



Figure 27. Fracture Section of Thorio Dispersed 
Cylinder 18, 100X 
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Figure 28. Cross Sectional View of Thoria Dispersed 
Heat Treated Cylinder 20, lOOX 



Figure 29. Cross Sectional View of Thoria Dispersed 
Heat Treated Cylinder 21, lOOX 
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TABLE X - Wire Wrapped Cylinders 


Sample 

No. 

Test 

Cylinder 

No. 

Test 

Cylinder 

Condition 

Cylinder 

Hoop 

Tensile 

Strength 

X 1q 3 Dsi 

Cylinder 
Yield 
Strength 
0.2% offset 
X 1 q 3 Dsi 

Cylinder 

Young's 

Modulus 

X lO^DSi 

Method 

of 

Failure 

Test 

Mandrel 

Tensile 

Strength 

X 10^ psi 

Rt 1500“F 

Test 

Mandrel 
Elongtn . 
% 

Rt 1500“F 

Test 
Mandrel 
Young's 
Modulus 
X 10^ psi 

Test 

Mandrel 
Yield 
Strength 
X 10^ psi 

243-99PM 

9 

As 

Produced 

126 

73 

29.2 

Rupture 

100 * ** 

* * 

* 

* 

243-1 43PM 

13 

As 

Produced 

125 

82 

26.0 

Rupture 

80.1 8.2 

13.3 14.0 

22.0 

49.9 

243- 144PM 

14 

As 

Produced 

99.2 

58 

23.2 

Rupture 

60.1 9.2 

16.4 19.7 

22.0 

36.7 

243-1 46PM 

15 

As 

Produced 

131 

it 

* 

Rupture 

64.2 12.9 

14.7 12.3 

21 .5 

38.6 

243-1 46PM 

16 

As 

Produced 

** 

it* 

** 

— - 

74.2 13.5 

13.0 10.7 

20.5 

48.5 

243-4PM 

19 

As 

Produced 

148.2 

* 

* 

Rupture 

100 

* * 

* 

* 

246-7PM 

22 

As 

Produced 

Not tested 







246-8PM 

23 

As 

Produced 

Not tested 







246-9PM 

24 

As 

Produced 

Not tested 








*Data not measured due \o insufficient materia! or instrumentation failure 

**Cylinder not tested— sent to NASA Lewis. 



The hocp tensile data shown in T^le X agrees with the val\KS 
calculated on the basis of volxite fraction of the wire and matrix oom- 
onents. For cylinders 9-15, the larger diameters wire, with a tensile 
strength of 277,000 psi was \:ised for fabrication. The smaller diameter 
wire with a tensile straigth of 390,000 psi was used to fabricate cylinder 
19. The ooitparison of calculated with measured values of hoop strength, 
yield strength and modulus for the wire wrapped nickel cylinders is pre- 
sented in Table XI. 

Ihe volume fractions of the wire reinforoement range from 0.12 
to 0.31. Tie measured hoop strengths agree quite well with the calculated 
values. Ihis indicates that this oonposite system is behaving with a pre- 
dictable stress-strain relationship of elastic deformation at the initial 
loading, then plastic deformation of the matrix with elastic deformation of 
fibers until crmposite fracture. Figures 30 throu^ 42 show the fracture 
surfaces and cross-sections of several of the burst wire wrapped cylinders . 
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TABLE XI - Comparison of Measured Properties of Tested Cylinders with 
Calculated Rule of Mixture Properties 


Test 

Cylinder 

No. 

Calculated 

Wire 

Volume 

Fraction 

Calculated 
Composite 
Hoop Tensile 
Strength 
X 10^ psi 

Measured 
Composite 
Hoop Tensile 
Strength 
X 1 0^ psi 

Calculated* 
Composite 
Yield 
Strength 
X 10^ psi 

Measured 
Composite 
Yield 
Strength 
0 . 2% offset 
X 103 psi 

Calculated** 
Composite 
Young' s 
Modulus 
X 10^ psi 

Measured 
Composite 
Young's 
Modulus 
X 1 0^ psi 

9 

0.14 

124.8 

126 

— 

73 

22.8 

29.2 

13 

0.30 

139.2 

125 

109.9 

82 

23.8 

26.0 

14 

0.17 

96.9 

99.2 

73,0 

58 

23.1 

23.2 

15 

0.31 

130.2 

131 

— 

“ 

— 

— 

19 

0.12 

134.8 

148.2 


mmmm 




*Yield strength of steel wire assumed to be 250,000 psi 

** Modulus of steel wire assumed to be 28,0 x 10® psi. 



Figure 30. Fracture Surface of Wire Wrapped Cylinder No. 9 
Showing Layer Delamination After Burst 



Figure 31 . Cross Sectional View of 20 Mil Wire 
Wrapped Cylinder 9, lOOX 
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Figure 32. Fracture Section of Wire Wrapped 
Cylinder 9, 100X 



Figure 33. Fracture Surface of Wire Wrapped 
Cylinder No. 13 
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Figure 34. Cross Sectional View of Wire Wrapped 
Cylinder 13, 100X 



Figure 35. Fracture Section of Wire Wrapped 
Cylinder 13, lOOX 
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Figure 36. Cross Sectional View of Wire Wrapped 
Cylinder 15, lOOX 



Figure 37 . Fracture Section of Wire Wrapped 
Cylinder 15, lOOX 
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Figure 38. Cross Sectional View of Wire 
Wrapped Cylinder 14, lOOX 



Figure 39. Fracture Section of Wire 

Wrapped Cylinder 14, lOOX 
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Figure 40. Fracfure Surface of Wire Wrapped 
Cylinder 19 
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Figure 41. Cross Sectional View of Wire Wrapped 
Cylinder 19, lOOX 



Figure 42. Fracture Section of Wire Wrapped 
Cylinder 19, lOOX 
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IV 


sukmak: of results 


The objective of this program was to advanoe and iitprove the 
electrofocming process developing techniques to reinforce or strengthen 
the deposited material. This effort was acccnplished by researching and 
evaluating methods to produce both dispersion strengthened and wire rein- 
forced nicikel cylindrical structures. 

The initial task was to verify the pl’^ical properties of an 
electroformed nickel frcara a sulfamate-chloride bath fonnulation with 
tar^t properties of 100,000 psi and 10% elongation over a two inch gage 
section. Diese target prc^rties were verified using 50 bo 70 itdl thick 
test plates electroformed in the bath. However, numerous test sartples 
produced from this bath as shown in J^pendix A, indicate that there is 
a delicate balance of properties with regard to tensile strength and 
two inch elongation results. The target properties of 100,000 psi and 
10% are achievable and have been achieved, however if the tensile strength 
decreased to below 85,000 psi, then a cxirrespcxiding increase abcwe 10% 
occurs in the elongation value. This same ptenomenon occurs when the 
tensile strength increases chove 115,000 psi and the elongaticn oo r res— 
pondingly decreases belcw 10%. The metallvirgical ea^lanaticn for this 
phenomenon has not been delineated at this time, Hcwever, the jhenamenon 
is real enough and ejqserinEntally verified. 

During the cxjiirse of this program, it was found to be difficult 
to consistently achieve the target physical properties with the bath. 

Thus sore comparisons of physical property djtprovements must be based v^wn 
oonparisons of strengthened material versus non strengthened material 
produced at the same time. Both the dispersion strengthening technique 
and the wire reinforcing technique produced electroformed nickel cylinders 
vhich erfiibited higher strengths than the standard electroformed nickel. 
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The standard nickel cylinders esdubited an average hocp strength 
of 80,000 psi, a yield strength of 65,000 psi and a nodulrs of 25.6 x 10^ 
psi. The as produced dispersion strengthened nicikel showed an average 
hoop strength of 97,000 psi with a yield strength of 67,000 psi. This is 
an increase of 17,000 psi or 21% over the standard nickel hoop tensile 
strength. The wire wr^^ped cylinders shewed an increase in strength over 
the standard nickel test sanples of 26,000 to 66,800 psi vhich is in the 
range of 26 to 104% increase over the base standard nickel. These latter 
test results are indicati'\^ of a volume percent wire reinforcement ranging 
frem 15 to 31. The fabrication with hitler volume peroent reinfbrosnvent 
should shew even greater strength increases. The neasured hoop strengths 
agree with calculated ccirposite strengths based on rule of mixtures. 

The fracture surfaces of the burst cylinders indicate a ductile 
hopp failure mode with the possi b l e exception of the dispersion strengthened 
cylinder nunber 17 vrtiich may have undergone brittle fraerture. In ai l rq« 3 iap 
cylinder elcngation of greater than 5% was observed at failure. The fracture 
of the wire wrapped cylinders is indicative of a brittle fiber - ductile 
matrix cxiiposite. 
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SECnON VI 


APPENDIX A 


CUMULKTIVE EXPERIMENTAL DATA FOR NIC3CEL ELECTRQbXIRHiNG 
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Table L Cumulative Experimental Data For Nickel Electroforming 


Average Average 

Current Plating Coating Tensile Elongation 


Bath 

No. 

Specimen 

No. 

Density 

(asf) 

pH 

Temp. 

(^C) 

Time 

(Hrs) 

Plating 

Amp-Hours 

Thickness 

(Mils) 

Disposition 

Strength 

Kpsi 

% 

( 2 1 n . Gage) 

General Remarks 

PSN-1 

243-2 

40 

4.1 

48 

16.0 

- 

- 

Not Tested 

- 

- 


Dummy Plate - Pitted 

PSN-1 

243- 3a 

20 

4.2 

50 

15.75 

- 

- 

Not Tested 

- 

- 


Dummy Plate - Pitted 

PSN-1 

243- 3b 

40 

4.2 

50 

21.5 

412 

17 

Not Tested 

- 

- 


Dummy Plate - Pitted 

PSN-1 

243- 3c 

40 

4.1 

50 

17 


- 

Not Tested 

- 

- 


Dummy Plate - Pitted 

PSN-1 

243- 4a 

30 

4.1 

52 

67.5 

1316 

- 

Not Tested 

- 

- 


Dummy Plate - Pitted 

PSN-1 

243-4b 

40 

4.1 

53 

22.25 

530 

19 

Tested 

114.3 

9.0 


Somewhat Pitted 

PSN-1 

243-5 

40 

4.1 

52 

24.25 

529 

19 

Not Tested 

- 

- 


Somewhat Pitted 

PSN-1 

243- 6a 

50 

4.0 

52 

16.5 

617 

19 

Tested 

131.8 

8.4 


Somewhat Pitted 

PSN-1 

243-6b 

30 

3.9 

50 

46.0 

780 

- 

Not Tested 

- 

- 


Dummy Plate 

PSN-1 

243-7a 

50 

3.8 

52 

15.75 

606 

22 

Tested 

119.5 

7.9 



PSN-1 

243-7b 

40 

3.9 

53 


- 

- 

Not Tested 

- 

- 


*Lost Electrical Connection 

PSN-1 

243-8a 

50 

3.9 

52 

21.0 

628 

21 

Tested 

88.0 

9.6 



PSN-1 

243-8b 

50 

3.9 

52 

24.5 

690 

22 

Tested 

98.0 

9.5 



PSN-1 

243-10 

50 

** 

50 

22.0 

637 

22 

Tested 

92.0 

11.0 

**PH Meter Broken 

PSN-1 

243-11 A 

60 


52 

20.8 

727 

26 

Not Tested 

- 

- 


Pitted 

PSN-1 

243-1 IB 

60 

** 

51 


2736 

80 

Tested 

95.0 

10.7 


*Lost Electrical Connection 

PSN-1 

243-12 

60 

** 

54 

21 .0 

687 

24 

Tested 

88.0 

9.6 



PSN-1 

243-1 3A 

40 

4.0 

49 

54.5 

1503 

46 

Tested 

91.3 

13.0 





Table I. Cumulative Experimental Dota For Nickel Electroforming (continued) 


Averoge Average 

Current Plating Coating Tensile Elongation 

Bath Specimen Density Temp. Time Plating Thickness Strength % 

No. No. (osf) pH (°C) (Hrs) Amp-Hours (Mils) Disposition Kpsi (2 in. Gage Generol Remarks 


PSN-1 

543-1 3B 

40 

4.1 

52 

23.6 

510 

17 

PSN-i 

243- 14A 

40 

4.0 

51 

42.4 

885 

27 

PSN-1 

243- 15A 

40 

4.2 

51 

23.25 

544 

19 

PSN-1 

243-1 5B 

60 

4.1 

52 

111.25 

3582 

96 

PSN-1 

243-17 

40 

4.0 

53 

66 

1782 

- 

PSN-1 

243-1 9A 

40 

4.0 

53 

16.5 

409 

- 

PSN-1 

243-1 9B 

40 

4.0 

53 

15.5 

435 

- 

PSN-1 

243-20 

40 

4.1 

54 

72 

1610 

- 

PSN-1 

243-21 

40 

4.0 

51 

66 

1957 

54 

PSN-1 

243-22 

40 

4.0 

52 


1403 

40 

PSN-1 

243-23 

40 

4.0 

52 


5162 

90 


(Cylinder) 


T ested 

90e8 

12.3 


T ested 

96.6 

13.4 


Not Tested 

- 

- 

Somewhat Pitted 

Tested 

83.3 

14.4 


Not Tested 

- 

- 

Pitted 

Not Tested 

- 

- 

Pitted 

Not Tested 

- 

- 

Pitted 

Not Tested 

- 

- 

Pitted 

T ested 

98.9 

10.9 

Verification Sanr^te 

Tested 

94.4 

11.5 

*Lost Electrical Connection 

Not Tested 

- 

- 

Pitted on Bottom Section - 
Electrical Power Failure 


Table I. Cumulative Experimental Data For Nickel Electroforming (continued) 

Average Average 

Current Plating Coating Tensile Elongation 


Bath 

No. 

Specimen 

No. 

Density 

(asf) 

Temp. 

pH (»C) 

Time 

(Hrs) 

Plating 

Amp-Hours 

Thickness 

(Mils) 

Disposition 

Strength 

Kpsi 

2 in. Gage 

% 

General Remarks 

PSN-CI-1 

243-25 

(Cylinder) 

40 

4.0 

53 

71 

3498 

76 

T ested 

91.9 

10.6 

Samples taken from test 
coupon mandrel 

ESN-CI-2 

PSN-CI-1 

243- 28E 

40 

4.1 

48 

21 

210 

27.5 

Tested 

90.3 

6.4 

Loss of bath”pump failure 

PSN-CI-2 

243-29 

40 

4.4 

52 

23 

570 

— 

Not Tested 

— 

— 

Pitted 

ESN-CI-1 

243- 29E 

40 

4.1 

50 

18 

180 

— 

Not Tested 

— 

— 

Pitted 

PSN-CI-2 

243-30 

40 

4.4 

52 

— 

— 

— 

Not Tested 

— 

— 

Lost electrical connections 

PSN-C(-2 

243-31 

40 

4.4 

51 

87 

1729 

42 

Tested 

119.3 

7.6 


ES.N-CI-1 

243-31 E- 

1 40 

4.2 

50 

95 

1900 

69 

T ested 

94.8 

11.1 


ESN-CI-1 

243-31E- 

2 40 

4.1 

54 

— 

— 

— 

Not Tested 

— 

— 


PSN-CI-2 

243-32 

50 

4.3 

52 

— 

— 

— 

Not Tested 


— 


ESN-Cl-1 

243-32E 

40 

4.1 

52 

6 

60 

— 

Not Tested 

— 

— 

Pitted 

PSN-CI-2 

243- 33P 

40 

4.15 

52 

20 

504 

— 

Not Tested 

— 

— 

Pitted 

ESN-CI-1 

243-33E 

40 4.4 

Anode 
4.15 
Cathode 

51 

21 

210 


Not Tested 



Pitted 

PSN-CI-2 

243- 34P 

40 

4.1 

51 

89.5 

1759 

46 

Tested 

106,5 

9.8 


ESN-CI-1 

243- 35E 

40 

4,35 

Anode 

49 

22.5 

225 

— 

Not T ested 

— 

— 

Pitted 


4.1 

Cathode 
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Table I. Cumulative Experimental Data For Nickel Electrofbrming (continued) 


Average Average 

Current Platir^ Coating » Tensile Elongation 


Bath 

No. 

Specimen 

No. 

Density Temp, 

(asf) pH (°C) 

Time 

(Hrs) 

Plating 

Amp-Hours 

Thickness 

(Mils) 

Disposition 

Strength 

Kpsi 

2 in. Gage 

% 

ESN-CI-1 

243-36E- 

•1 40 

4.1 50 

Anode 
4.1 

Cathode 

19 

190 


Not Tested 



ESN-Cl-1 

243-36E- 

2 40 

4.2 50 

Anode 
4.1 

Cathode 

26 

260 


Not Tested 



ESN-CI-1 

243-38E 

40 

4.1 51 

Anode 
4.1 

Cathode 

69 

690 


Pitted 



PSN-CI-2 

243-38P 

40 

4.0 52 

— 

— 

52 

T ested 

109.7 

10.9 

PSN-CI-2 

243-39P 

40 

4.05 52 

43 

1047 

31 .5 

Tested 

107.3 

10.2 

ESN-CI-1 

243-40E 

40 

4.1 51 

Anode 
4.1 

Cathode 

21 

210 


Not Tested 



ESN-CI-1 

243-41 E 

40 

4.05 51 
Anode 
4.1 

Cathode 

21 

210 


Not Tested 



PSN-CI-2 

243-42P 

(Cylinder) 

40 

4.05 52 

74 

3884 

74 

Tested 

72.3 

T2A 


General Remarks 
Pitted 


Fewer pits 


Pitted 


Pitted 


Pitted 


Samples taken from 
test coupon mandrel 
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Table I. Cumulative Experimental Data For Nickel Electroforming (continued) 

Average 


Bath 

No. 

Specimen 

No. 

Current 

Density 

(asf) 

Temp. 
pH (°C) 

Plating 

Time 

(Hrs) 

Plating 

Amp-Hours 

Coating 

Thickness 

(Mils) 

Disposition 

Tensile 

Strength 

Kpsi 

Average 
Elongation 
2 in. Gage 

General Remarks 

E-SNCI-1 

243-44E 

40 

4.5A 

3.8C 

52 

— 

— 

— 

Not Tested 

— 

— 

Metallic contamination 
in bath 

E-SNCI-2 

243-47E 

40 

4.2A 

4.2C 

48 

94 

940 

— 

Not Tested 

— 

— 

Pitted 

P-SNCI-2 

243-47P 

40 

4.0 

51 

24 

612 

— 

Not Tested 

— 


Filters clogged 

E-SNCl-2 

243-49E 

40 

4.25A 

4.25C 

50 

23 

230 

— 

Not Tested 

— 

— 

Pitted 

E-SNCI-2 

243-50E 

40 

4.05A 

4.05C 

51 

25 

250 

— 

Not Tested 

— 


Agitation off during run 

P-SNCI-2 

243-51 P 

40 

4.05 

51 

22 

444 

— 

Not Tested 

“ 

— 


P-SNCI-2 

243-51 P2 

40 

4.1 

51 

16.5 

923 

— 

Not T ested 

— 

— 

Full depth double test 
plates — pitted one side 

E-SNCI-2 

243-52E 

40 

4.1A 

4.2C 

50 

47 

470 

— 

Not T ested 

— 

— 

Surface inclusions 

P-SNCI-2 

243-52P 

40 

4.1 

50 

15 

976 

— 

Not Tested 

— 

— 

Double test plates — 
pitted one side 

E-SNCI-2 

243-53E 

40 

4.1A 

4.1C 

51 

92 

920 

75 

Tested 

76,5 

14J 


P-SNCI-2 

243-54P 

40 

4.1 

51 

67 

3497 

— 

Not Tested 

— 

— 

Double test plates — 
pitted one side 

E-SNCI-2 

243-55E 

40 

4.3A 

4.3C 

50 

42 

420 

— 

Not Tested 

— 

— 
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Table I. Cumulative Experimental Dota For Nickel Electroforming (continued) 


Bath 

No. 

Specimen 

No, 

Current 

Density 

(asf) 


Temp. 

(“C) 

Plating 

Time 

(Hrs) 

Plating 

Amp-Hours 

Thickness 

(Mils) 

Disposition 

Average 

Tensile 

Strength 

Kpsi 

Average 
Elongation 
2 in. Gage 

General Remarks 

PSN-CI-2 

243-55P 

40 

4.3 

51 

19 

369 

— 

Not Tested 

— 

— 

Pitted — low boric acid 

PSN-CI-2 

243-56P 

40 

4.2 

51 

68 

1694 

— 

Not Tested 

— 

— 

Double test plates — 
top front pitted 

ESN-CI-2 

243-56E 

40 

4.1A 
4. 1C 

51 

18 

180 

— 

Not Tested 

— 

— 

Slightly pitted 

ESN-CI-2 

243-57E 

40 

4.1A 

4.1C 

51 

24 

240 

27 

Tested 

87.5 

9.1 

Slightly pitted 

ESN-CI-2 

243-59E 

40 

4.1A 

4.1C 

49 

42 

420 

— 

Not Tested 

— 

— 

Slightly pitted 

PSN-CI-2 

243-60P 

23 

4.1 

52 

— 

965 

— 

Not Tested 

— 

— 

Lost electrical contact 

PSN-CI-2 

243-62P 

24 

4.0 

50 

68 

2220 

49 top 
43 bottom 

Tested 

99.4 top 
104.6 bot. 

12.1 top 
9*8 bot. 

Double test plates 

ESN-CI-3 

243-63E 

20 

4.0A 

4.0C 

49 

72 

1440 

— 

Not Tested 

— 


Pitted 

ESN-CI-2 

243-64E 

20 

4.2A 

4.4C 

50 

19 

380 

— 

Not Tested 

— 

— 

Pitted 

ESN-CI-2 

243-65E 

20 

4.2A 

4.3C 

49 

6 

120 

— 

Not Tested 

— 

— 

Started to pit so removed 

ESN-CI-2 

243-65E2 

20 

4.2A 

4.3C 

49 

— 

— 


Not Tested 

— 



ESN-CI-3 

243-66E 

20 

4.6A 

4.2C 

49 

66 

3X 

— 

Not Tested 

~ 

— 

Some small pits 

PSN-CI-2 

243-67P 

23 

4.15 

50 

16 

488 


Not Tested 

— 

— 

Double test plates — 


low on antipit agent 


Toble I. Cumulative Experimental Data For Nickel Electroforming (continued) 


Average 

Room 


Bath 

No. 

Specimen 

No. 

Current 

Density 

(asf) 

Temp. 

pH (°C) 

Plating 

Time 

(Hrs) 

Plating 

Amp-Hours 

Thickness 

(Mils) 

Disposition 

Temp. 

Tensile 

Strength 

Kpsi 

Average 
Elongation 
2 in. Gage 

Young's 
Modulus 
Ur psi 

ESN-CI-2 

243-67E 

40 

4.1A 
4. 1C 

50 

18 

180 

— 

Not Tested 

— 

— 

— 

ESN-CI-2 

243-69E2 

20 

4.0A 

4.0C 

50 

68 

340 

33.5 

Tested 

103.3 

11.5 

— 

ESN-CI-3 

243-69E3 

20 

4.1A 

4.1C 

50 

68 

340 

— 

Not Tested 

— 

— 

— 

ESN-CI-3 

> 

243-70E3 

20 

4.3A 

4.3C 

49 

43 

215 

— 

Tested 

105 

5.9 


'JESN-CI-2 

243-70E2 

20 

4.1A 

4.1C 

49 

24 

120 

— 

Not Tested 

— 

— 

— 

ESN-CL-2 

243-71 E2 

20 

4.0A 

4.0C 

49 

24 

120 

— 

Not Tested 

— 

-- 

— 

ESN-CI-3 

243-72E3 

20 

4.25A 

4.25C 

49 

8 

48 

— 

Not Tested 
Cross sectional 

— 

— 

— 

ESN-CI-2 

243-73E2 

25 

4.1A 
4. 1C 

49 

96.5 

194 

— 

Not Tested 

— 

— 

— 

ESN-CI-3 

243-73E3 

20 

4.25A 

4.25C 

49 

96 

470 

— 

Not Tested 

— 

— 

— 

ESN-CI-2 

243-76E2 

20 

3.9A 

4.0C 

50 

70 

350 

37 

Tested 

129.3 

6.5 

27.2 

PSN-CI-2 

243-76P2 

25 

4.2 

49 

— 

— 

— 

Not Tested 

— 


__ 

PSN-CI-2 

243-77P2M 20 
(Cylinder)***5 

4.1 

49 

44 

1246 

92 

Tested 

116 

10.5 

24.1 


General Remarks 


Pitted — agitation 
off during run 

Test samples tore 
out of grips - 
sample too thin 


Slightly pitted 
lower edge 

Wire reinforced 
sampi e 


Aluminum oxide 
dispersion 


Taken out early - 
mandrel pitting - 
lower test mandrel ok . 


Table I. ComulaHve Experimental Data For Nickel Electroforming (continued) 

Average 

Room 


Both 

No. 

Specimen 

No. 

Current 

Density 

(asf) 

Temp. 
pH eC) 

Plating 

Time 

(Hrs) 

Plating 

Amp-Hours 

Thickness 

(Mils) 

Disposition 

Temp, 

Tensile Average 
Strength Elongation 
Kpsi 2 in. Gage 

Young's 
Modulus 
^ 0 ^ psi 

General Remarks 

PSN-CI -2 

243-79P2 

5 

4.2 49 

14 

— 

— 

Not Tested 

— 

— 

Dummy plate 

PSN-CI -2 

243-80P2M 20 
[Cylinder) 

4.2 49 

77 

2297 

75 

Tested 

111.7 10.8 

— 

Cylinder No. 6 

ESN-CI-3 

243-81 E3 

20 

4.4A 49 

73 

383 


Testing 

Incomplete 




PSN-CI -2 

243-85P2 

5 

4.2 49 

120 

— 

— 

Not Tested 

— 

— 

Dummy plate 

ESN-CI-3 

243-85E3 

10 

5.0A 45A 
4.0C 49C 

120 

— 

— 

Not Tested 

— 

— 

Dummy plate 

“ ESN-CI-2 

243-86E2 

20 

5.5A 49 
4.5C 

106 

530 

92 

Tested 

97.5 6.4 

25.1 

AI 2 O 3 dispersion 

PSN-Cl -2 

243-88P2 

(Cylinder) 

20 

4.2 49 

91 

2407 

71 

T ested 

112 10.8 

— 

Cylinder No. 7 

ESN-CI -2 

243-90E2 

5 

4.5A 49 
4.05C 

96 

— 

— 

Not Tested 

— 

— 

Dummy plate 

ESN-CI-3 

243-91 E3 

5 

3.1 A 43A 

4.1 C 49C 

8 

— 

— 

Not Tested 

— 

— 

Dummy plate 

ESN-CI-3 

243-92E3 

20 

4.0C 44A 
3.1 A 49C 

72 

360 

— 

Tested 

138 7.3 

— 

Slightly pitted on 
lower edge 

ESN-CI -2 

243-92E2 

40 

3.8A 44C 
4.0C 

72 

360 

— 

Tested 

81.4 10.1 

— 

Rough plate 
AI 2 O 3 dispersion 

ESN-Cl-3 

243-93E3 

5 

3.9A 44A 
4.25C 49C 

72 

— 

— 

Not Tested 

— 

— 

Dummy plate 
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Table L Cumulative Experimental Dota For Nickel Electroforming (continued) 


Average 

Room 

Temp. 


Bath 

No. 

Current 
Specimen Density 
No . (asf) 

pH 

Temp. 

(°C) 

Plating 

Time 

(Hrs) 

Plating 

Amp-Hours 

Thickness 

(Mils) 

Disposition 

Tensile 

Strength 

Kpsi 

Average 
Elongation 
2 in. Gage 

Young's 
Modulus 
10 ^ psi 

General Remarks 

ESN-CI-2 

243-93E2 

5 

4.0C 

4.3A 

39A 

49C 

96 

— 

— 

Not Tested 




Dummy plate 

PSN-CI-2 

243-93P2M 

(Cylinder )^8 

20 

3.95 

49 

87 

2333 

90 

(Cylinder) 

T ested 

93.9 

5.5 


Test mandrel is thin 
due to poor contact 

ESN-CI-2 

243-97E2 

20 

4.4A 

4.5C 

38A 

49C 

100 

500 

98 

Tested 

111.2 

4.5 

20.7 

AI 2 O 3 dispersion 
10 g/i bath cone. 

PSN-CI-2 

243-99P2M 

(Cylinder) 

20 

4,05 

49 

81 

2200 

81 

Not 

Tested 

■■ 



Cylinder No. 9 

PSN-CI-2 

243-1 00P2M 20 
(Cylinder) 

4.05 

49 

75 

2101 

71 

Tested 

114 

9.7 


Cylinder No. 10 

ESN-Cl-3 

243-1 00E3 

20 

4. 3 A 39 A 
4.25C49C 

98 

490 

34 

Tested 

124 

3.9 

23.5 

Thorium oxide 
dispersion 

PSN-C!-2 

243-99PM 

(Restart) 

20 

4.1 

49 

24.5 

695 

22 

Not 

Tested 




Restart of 99PM 
wound with "D 
shaped wire 

ESN-CI-3 

243-1 06E3 

30 

4.8A 

4.0C 

44A 
51 C 

64 

480 

41 

T ested 

130.3 

4.1 

29.7 

Th 02 dispersion 

ESN-CI-2 

243-108E2 

20 

4.8A 

4.0C 

36A 

49C 

64 

320 

43 

Tested 

114 

9.7 


AI 2 O 3 dispersion 
16g/l bath cone. 

ESN-CI-3 

243-1 08E3 

40 

4.3A 44A 
4.25C 49C 

64 

640 

54 

Tested 

127 

3.4 


ThOo dispersion 
5 g/l bath cone . 
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Bath 

No, 

ESN-CI- 

ESN-C1-: 

ESN-CI-: 

ESN-CI-: 

ESN-CI-C 

ESN-CI-2 

ESN-CI-3 

PSN-CI-2 

PSN-CI-3 


Table I. Cumulative Experimental Data For Nickel Electrofroming (continued) 

Average 

Room 


Current 


Pidting 



Specimen Density 

Temp. 

Time 

Plating 

Thickness 

No. (asf) 

pH 

(“C) 

(Hrs) 

Amp-Hours 

(Mils) 

2 243-1 13E2 20 

4.5A 

36A 

96 

480 

47 


4.05C 50C 




3 243-1 1 6E3 20 

4.3A 

43A 

120 

600 

60 


4.2C 

49C 




2 243-1 20E2 40 

4.85A 36A 

160 

720 

61 


4.0C 

49C 




1 243-126E2 60 

4.7A 

35A 

47 

705 

69 


4.1C 

50C 



I 243-1 27E3 50 

4.2A 

39A 

45.5 

569 

59 


4.0C 

46C 



: 243-1 28E2 30 

4.7A 

46A 

95 

643 

79 


4.2C 

50C 



243-1 29E3 20 

4.8A 

46A 

70.5 

353 

35 


4.2C 

49C 




243-1 36P2M 20 
(Cylinder)^l 1 

4.05 

49 

10 

740 

20 

243-1 39PM 20 
(Cylinder) ^12 

4.1 

49 

62 

1750 

56 


Disposition 

Temp. 

Tensile 

Strength 

Kpsi 

Average 
Elongation 
2 in. Gage 

Young's 

Modulus 

10^ psi Generol Remarks 

Tested 

117 

1.1 

AI2O3 dispersion 
25 g/l balfi cone. 

Not 

Tested 



Th02 dispersion 
5 g/l bath can. 

Tested 

105 

2.0 

AI2O3 dispersion 
24 g/l bath cone. 

Tested 

84.7 

6.3 

AI2O3 dispersion 
24 g/r bath cone . 

Tested 

107 

5.2 

Th02 dispersion 
5 g/l bath cone . 

T ested 

95.0 

2.9 

25.3 AI2O3 dispersion 
24 g/l bath cone . 

Tested 

129 

3.4 

28.8 Th02 dispersion 
5 g/l bath cone. 

Not 

Tested 



Wire wrapped 
cylinder using 
20 mil wire with 
10 mil spacing 

Tested 

94.1 

10.9 

24.0 Standard cylinder. 
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Table I. Cumulative Experimental Data For Nickel Electroforming (continued) 

Average 

Room 

Temp. 

Current Plating Tensile Average Young's 

Bath Specimen Density Temp. Time Plating Thickness Strength Elongation Modulus 

No. No. (asf) pH (”C) (Hrs) Amp-Hours (Mils) Disposition Kpsi 2 in. Gage 10^ psi General Remarks 


PSN-CI-2 

243-1 43PM 
(Cylinder) 
#13 

20 

4.2 

49 

56 

2100 

62 

PSN-CI-2 

243-1 44PM 
(Cylinder) 

#14 

20 

4.21 

49 

97 

2300 

62.5 

V PSN-CI-2 

M 

(-■ 

243-146PM 

(Cylinder) 

#15 

20 

4.2 

49 

123 

2460 

61 .0 

PSN-CI-2 

243-1 48PM 
(Cylinder) 
#16 

20 

4.1 

49 

177 

3540 

70 

PSN-CI-3 

246- 2PM 
(Cylinder) 
#17 

20 

3.9 

48 

79 

1580 

70 

PSN-Cl-3 

246-3PM 
(Cyl i nder) 
#18 

20 

4.1 

48 

81 

1620 

71 

PSN-CI-2 

246-4PM 

20 

4.1 

49 

254.5 

5090 

70 


(Cylinder) 

#19 


Tested 

80.1 

13.3 

22.0 

Wire wrapped 

wire with 10 mil 
spacing. 

Tested 

60.1 

16.4 

22.0 

Wire wrapped 
using 20 mil 
wire with 20 mil 
spacing 

Tested 

64.2 

14.7 

21.5 

Wire wrapped 
using 20 mil 
wire with 10 mil 
spacing . 

Sent to 
NASA Lewis 

74.2 

13.0 

20.5 

Wire wrapped 
using 8 mil wire 
with 8 mil spacing 

Tested 

89.9 

8.6 

23.0 

Th02 Dispersion 

T ested 

95.7 

CO 

21.2 

Th02 Dispersion 

Not 

Tested 

— 

— 

— 

Wire wrapped 
using 8 mil wire 
with 8 mil spacing 
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Table I. Cumulative Experimental Data For Nickel Eiectroforming (continued) 


Average 

Room 

Temp. 

Current Plating Tensile Average Young’s 

Bath Specimen Density Temp. Time Plating Thickness Strength Elongation Modulus 


No. 

No. 

(asf) 

pH 

(*C) 

(Hrs) 

Amp-Hrs 

(Mils) 

PSN-CI-3 

546-6PM 

(Cylinder) 

#20 

20 

4.1 

48 

72 

1872 

68 

PSN-Cl-3 

246-6PMZ 

(Cylinder) 

#21 

20 

4.1 

48 

67 

1742 

70 

PSN-CI-2 

246-7PM 

(Cylinder) 

#22 

20 

4.1 

49 

Not Finished 


PSN-CI-3 

246-8PM 

(cylinder) 

#23 

20 

4.1 

48 

Not Finished 

- 

PSN-CI-2 

246-9PM 

20 

4.1 

49 

Not Finished 



(Cylinder) 

#24 


Disposition 

Kpsi 

2 in. Gage 

10 psi 

General Remarks 

Tested 

101.4 

7.2 

23.6 

Th02 Dispersion 

Tested 

119.0 

3.5 

24.9 

Th02 Dispersion 

Not 

Tested 




Wire wrapped 
using 20 mil wire 
with 10 mil spacing 
4 layers 

Not 

Tested 




Wire wrapped 
using 20 mil wire 
and Th 02 dispersion 

Not 

T ested 




Wire wrapped using 
8 mil wire with 
8 mil spacing 
3 layers 
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APPENDIX B 


PHYSICAL PPDPERIY TESTING INSTFUMENTATION AND 
DATA FOR CYLINDER TESTS 





A. ffinORALIMC BUEST OESTENG OF CmCNEEES 


1. Non OonstraiTTed End Hast i^paratus 

Uiis apparatus ocnsisted of an internally pressurized hydraulic 
c»ll, with the cylinder to be tested mounted inside between a top and bottom 
closure. The closures were designed with gasket and "0" ring seals designed 
to seal to the inside surface of the cylinder. The end closures are mechani- 
cally attached to a connecting outer slee'we by steel pins. This end closure 
connecting sleeve serves both to retain the end closures during the test 
and to protect personnel and equipment fron a rapid pressure release cn 
burst. Ihe hydraulic pressure was ^jplied on a moveable piston mounted 
throu^ the top closure by the Tinius Olsen Electronatic Testing Machine. 

!13Te ^iplied load on the piston was measured on the calibrated dial of 
the testing machine. This ^paratus is shown sdiematically in Figure 43 
and operational in Figure 44. This apparatus worked well vrtien checked 
out using a steel cylinder machined from a solid bar of type 1116 free 
machining carbon steel. Hcwever, if ihe test cylinder is sufficiently 
ductile like electrofonred nickel, the cylinder wall deforms and the 
hydraulic flxiid can leak past the end closure seals . The test worked well 
for the carbon steel cylinder because it exhibited brittle failure, but 
was not sxAcoessful in bursting to failure a nickel electroform cylinder. 

2. Strain Gage Test Instrxnentaticai 

The strain gage elec±rcnics ocnsisted of a standard D. C. Wteat- 
stone bridge circuit with a self ocnpensating strain gage in cne arm of 
the bridge. There is a separate circuit for each of the four strain gages. 
Various valiKS of shvmt resistors are switched across the galvcnomebers 
to give a range of ocillogr 2 ph sensitivities. At each sensitivity the 
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Pressure Gauge 


Air Vent 



Top Closure Assy. 


End Closure 
Connecting 
Cylinder and 
Protective 
Shield 


Strain Gauge 

Electro formed 
Cylinder 


Bottom Closure Assy. 
Supporting Ring 


Figure 43, Schematic of Hydraulic Burst Test Assembly 
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Figure 44. Hydraulic Burst Test Assembly Mounted on 
Tinius Olsen Testing Machine with Strain 
Gage Readout Equipment 
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galvorionEter deflection is calibrated by shunting the gage with a precision 
resistor viiose value is determined from the following fornula: 




G.F. X e 


- R*. 


Where 


G.F. 



e 


A resistor, vAiich, vhai connected in parallel 
with the strain gage p3?oduces a bridge unbalance 
simulating a desired strain. 

Gage factor 
Gage resistance 

The desired simulated strain value. 


A Honeywell Model 1508 Visioordter fitted with four type M200-120 galvono- 
meters is used to record the output of the four bridges. Ihe strsdn gays 
are post yield gages, capable of neasuring stirains \jp to 20% and are 
manufactured ty Micro Measurements, Rcmulus, Michigan (type EP-08-250 BG-120) . 

Ihe instrumentation was chedced out using a steel cylinder mounted 
in the non-oaistrained end burst test apparatus. 


The specimen for this test oonsisted of an as-machined type 1116 
steel cylinder having the follcwing nechanical properties (literature values) : 
Tensile straigth - 60-100 x 10^ psi 
Young's Modulus - 30 x 10^ ps± 

Yield Strength - 50-90 x 10^ psi 

Elongation - 30 to 20% 

Ihe test cylinder was machined from solid stock to the following dimensions: 
Length - 8.0 inches 


T.n. 


_ A /*\ J 1 

-X- w\^ Jux^MiLlCO 


Wall thickness - 0.070 inch. 
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Four strain gages ware mounted on the outer surface of the cylinder at 
the mid-point of the c ylinder length in positions around the circjumferenoe 
at 90® intervals. The strain sensitivity was in the hocp direction. The 
gages were mounted with an epojQ^ resin (type Ae-15) formulated by Micro 
Measurements for post yield gages. The test fixture with cylinder in 
place was set-vp on the Tinius Olsen test machine and filled with a water- 
oil mixture as the hydraulic ram until failure of the cylinder occurred. 
Ihe load at failure was used to calculate the hoop strength as follows: 


S = 


DL 

2tA 


Where 


D = Inside diameter of cylinder 
L = ultimate load on testing machine 
t = wall thickness of cylinder 
A = cross-sectional area of test pistcn 


A cross head motion detector on the Tinius Olsen was used to relate the 
load ^lied with time and the oscillogra];h plotted the strain with tine. 
Ihe stress and strain at given times was calculated and a stress-strain 
curve was plotted. For this test, two bridge sentivities of 6,000 micro- 
strain per inch and 30,000 micro-strain per inch of chart were used. 

Before final loading to failure, the cylinder was partially ingdpd twice. 

The first loading was to about 1000 pounds ( -16,000 psi hocp stress) to 
check for leaks and strain gage operation, Uie second loading (to about 

40.000 psi hoop stress) was with the 6000 micro-strain per indi bridge sensi- 
tivity. The purpose of the second loading was to collect data for 

of modulus. Ohe third loading was to failure with a bridge sensitivity of 

30.000 micro-strain per inch of chart. Ihe tested cyliider is shown in 


B-5 



Figures 45 and 46. It was evident from examination of the failure 

crack that a brittle failure had occurred. The ^lure was undoubtedly 
initiated in the area of tiie bulge near cne end of the cylinder. Ihe 
medianical properties of the steel cylinder as measured by the hydraulic 
test are as follcws: 

Tensile strength.: 83,100 psi 

Young's modulus: 29.7 x psi 

Yield strength (0.2% offset) ; 78,000 psi 

Elongation at Failure: 1.4% 

Except for elongation the measured values oarpare closely with the stated 
literature values. The elongation value is believed to be low for two 
reasons: 

I 

(1) the failure (area of maxiinum elongation) was not in the 
area of the strain gages 

(2) because of the amount of ma<±iining done on the cylinder, 
the steel was probably work hardened so that normal 
elongation was not achieved. 

Ohe stress-strain curves for the two bridge sensitivites are 
shewn in Figures 47 and 48. Ihe strain data for three of the gages 
were prac tically identical so these curves are represented by gage E 
in Figure 47 . The other cxirve represents strain data from gage W. 

Ihs modulu s of the cylinder was calculated from tiie stress-strain plot 
shewn in Figure 48 vhich was plotted with the lower strain sensitivity 
readout. The hoop tensile strength and yield strength was derived from 
the stress-strain plot shown in Figure 47 vhich was plotted vd.th the 
hitler strain sensitivity readout. 
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Figure 45. Burst Tested Carbon Steel Cylinder Showing 
Axially Mounted Strain Gages 
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Figure 46. Fracture Surface of Burst Tested Carbon Steel 
Cylinder Showing Brittle Fracture, 8X 
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B. RESULTS CF STRAIN GAGE MEASUREMENTS DURING TESTING 

The strain gage read-ov± data was plotted in the foon of stress- 
strain curves for those tested cylinders vrtiere sufficient data existed 
and are shewn in this section. 
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Figure 49. Stress Strain Curve for Cylinder No. 7 
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Figure 52. Stress Strain Curve for cylinder No. 10 




















































Figure 55. Stress Strain Curve for cylinder No. 14 



B-17 


















B-18 


Figure 56. Stress Strain Cunre for Cylinder No. 17 





